Abstract: Atomic force microscopy (AFM) and contact angle measurements were used to study the role of dodecyltrimethylammonium bromide (DTAB) and sodium dodecyl sulphate (SDS) in bubble-particle attachment. The results show that the forces between bubbles and the hydrophilic glass particle were always repulsive in the absence of DTAB and SDS. An attractive hydrophobic force was induced when the particles became hydrophobic, and the force was proportional to the water contact-angle. In the presence of DTAB and SDS, the cationic head group of DTAB adsorbed onto the negative hydrophilic glass surface as a monolayer and thus induced a hydrophobic force. However, at a high DTAB concentration, the DTAB molecules began to adsorb as a bilayer, reverting back to a hydrophilic surface. The hydrophobic force disappeared and the water film between the bubble and particle was stabilised under the repulsive double-layer force. The anionic SDS molecules could not adsorb onto the hydrophilic glass surface. The repulsive force always dominated the bubble-particle interaction. In the case of hydrophobic glass, the hydrophobic force decreased, and even disappeared, with the addition of DTAB and SDS. All the findings from the AFM force curves were consistent with the attachment behaviour and contact angle results.
Introduction
Froth flotation is one of the most commonly used separation methods for fine particles and is based on the difference in wetting properties [1] [2] [3] [4] . It is always used for concentrating mineral particles below 0.5 mm in the mining industry. Before flotation, crushing and grinding are necessary steps to achieve the liberation of the valuable components from the gangue [5] . Then, these fine particles are mixed with water and conditioned with appropriate reagents. Air is introduced, and selective attachment between the targeted particles and bubbles is finally achieved. Bubble-particle attachment is the critical step for successful flotation [1, 6, 7] . In normal cases, only hydrophobic particles can be captured by the rising bubbles in a flotation cell [8, 9] .
Most minerals are not naturally hydrophobic. A surfactant, also called a collector, is always added to improve the surface hydrophobicity in flotation processes. Consequently, bubble-particle attachment becomes possible [10] . Studies have shown that the fundamental role of the collector is to induce an attractive hydrophobic force and thus overcome the repulsive Derjaguin-Landau-Verwey-Overbeek
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Minerals 2018, 8, x FOR PEER REVIEW 2 of 10 attachment becomes possible [10] . Studies have shown that the fundamental role of the collector is to induce an attractive hydrophobic force and thus overcome the repulsive Derjaguin-Landau-VerweyOverbeek (DLVO) forces, including the van der Waals force and electrostatic force [1, 2, [10] [11] [12] . Using atomic force microscopy (AFM), Butt [13] was the first to measure the force between a hydrophilic/ hydrophobic glass sphere and an air bubble. It was found that hydrophilic particles experienced a repulsive force, while hydrophobic particles experienced an attractive force. Nguyen et al. [14, 15] used AFM to measure the force between a hydrophilic particle and a bubble, with different approach speeds. The repulsive force was found to increase monotonically with increasing approach speed. However, these studies only focused on systems without surfactants. In the presence of surfactants, due to the strong deformation of the bubble interface and the adsorption of surfactants, a strong attractive force may be difficult to measure due to the limitation of the AFM piezo displacement and split photodiode. Preuss and Butt [16] established a home-made setup based on the principle of commercial AFM to study the influence of surfactants (dodecyltrimethylammonium bromide (DTAB) and sodium dodecyl sulphate (SDS)) on the bubble-particle interaction force. The diameter of the microsphere was 5 μm. The force results could be interpreted according to the DLVO and extended DLVO theories. However, due to the complexity of this system, the role of different surfactants in bubble-particle attachment is still not well-understood.
In this work, we further measured the interaction force between an air bubble and a larger micrometre sphere (40 μm diameter), compared with that in Preuss and Butts' work [16] , in the presence of the two surfactants, DTAB and SDS. The reason for choosing DTAB and SDS is that the properties of both these surfactants are well-studied. Their critical micelle concentrations are 16 and 8 mM for DTAB and SDS, respectively. A commercial NanoWizard™ III AFM instrument (JPK Instruments) with a large piezo range (15 μm) was used. In addition, an in-house-developed attachment behaviour visualisation system and contact angle meter were used to obtain complementary information. The outcomes of this study are expected to provide a basic understanding of the bubble-particle attachment mechanism in surfactant systems.
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Methods
AFM Force Measurements
Glass microspheres with about 40 µm diameter were select to prepare the colloidal probe. Force measurements between the bubbles and glass particles in the presence of DTAB and SDS were carried out in a glass dish using a NanoWizard™ III AFM instrument (JPK Instruments AG, Berlin, Germany). A hydraulic micromanipulator (MMO-203, Narishige Co, LTD, Tokyo, Japan) was used for preparing the glass colloidal probe under an optical microscope (Zeiss Axiotech, Carl Zeiss AG, Oberkochen, Germany). A tip-less cantilever with a 0.65 N/m spring constant was mounted at the clamp of the micromanipulator and then attached to a glass sphere with the aid of epoxy resin [17] . An air bubble with a 300-600 µm diameter was injected onto a hydrophobic glass dish after OTS hydrophobisation, using a micro syringe. Before the force experiments, the sensitivity and spring constant of the colloidal probe were calibrated by the Sader method. The colloidal probe was cleaned with Argon plasma for 10 min to remove any potential organic contamination. After plasma treatment, the glass sphere should be completely hydrophilic. For the hydrophobic colloid probe, we placed the hydrophilic colloid probe under OTS vapour. Different contact angles could be obtained by controlling the treatment time. After the silanisation, chloroform, acetone, ethanol, and Milli-Q water were used to rinse the excess OTS molecules on the particle surface. The probe was finally mounted and positioned at the top of air bubble with the help of an optical microscope. After pre-setting the set-point and approach speed, force curves were obtained by recording the cantilever deflection using an optically sensitive lever technique. All the experiments were conducted at room temperature (20 • C).
The raw AFM data obtained was a force-displacement curve. Therefore, it is necessary to convert the AFM force-displacement curve into a force-distance curve. During this conversion, the critical point is to determine the zero distance [18] [19] [20] [21] . In a hard contact system, the zero distance can be obtained from the nominal compliance regime. For bubble-particle interactions, the deformation of the air-water interface under the applied force is a problem. There is no hard contact point in such cases. Earlier studies have shown that the equilibrium position of a particle trapped in the bubble surface could be set as the zero distance [20, 21] . Here, the bubble was assumed to behave as a Hookean spring with a spring constant k b under external force. A linear compliance region also existed when the particle was approached by the bubble surface. Then, the slope of the nominal constant-compliance regime in the force-displacement curve is equal to the spring constant of the bubble-cantilever system. A schematic of the bubble-particle interaction in the AFM system is shown in Figure 2 . The initial distance between the bubble and particle is denoted as D 0 , and y 0 is the bubble height. When the bubble approaches the particle (z), the cantilever bends upward (d) due to the interaction force. Based on the principle of force balance, the following Equation can be obtained:
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where kc is the spring constant of the cantilever. Figure 2 . Schematic of bubble-particle interaction in AFM system [15] .
From Figure 2 , we obtain:
Combining Equations (1) and (2) gives: Figure 2 . Schematic of bubble-particle interaction in AFM system [15] .
From Figure 2 , we obtain: Combining Equations (1) and (2) gives:
Equation (3) indicates that the variation of the separation distance is equal to the displacement of the AFM piezo minus the deformations of both the bubble and cantilever. The detailed conversion principle is available in the literature [15, 20, 21] . Each force experiment was repeated at least five times, and the general trend force curve is shown in the following section.
Attachment Behaviour Visualisation and Contact Angle Measurement
An in-house-developed high-speed visualisation system was used to monitor the attachment behaviour between the bubble and a glass slide in the presence of DTAB or SDS. The system is similar to a traditional induction timer. The detailed information about the high-speed visualisation system can be found in [17] . The minimum contact time for attachment to be observed was defined as the induction time. During the experiment, the bubble diameter, bubble displacement, initial distance gap, and approach velocity were all held constant. The sessile drop method was applied to measure the water contact-angle on the glass slide.
Results and Discussion
Bubble-Particle Interaction Force in the Absence of DTAB and SDS
A colloidal probe with 40 µm diameter was prepared and placed on the top of a bubble, as shown in Figure 3 . The interaction force between the hydrophilic glass microsphere and the bubble, for different collision velocities, is shown in Figure 4 . The forces were always repulsive for all the approach velocities. There was no successful attachment between the hydrophilic glass and the bubble. This repulsive force increased with the approach velocity due to the appearance of a hydrodynamic force. When the approach velocity was lower than 1 µm/s, the hydrodynamic force could be neglected, and only the surface force dominated. According to the DLVO theory, the stability of a colloid system is controlled by two additive components, i.e., the van der Waals force and electrostatic double-layer force. In the bubble-glass system, both the van der Waals and double-layer forces are repulsive, and do not provide any driving force for film thinning and rupture. This is consistent with the AFM force curves. Equation (3) indicates that the variation of the separation distance is equal to the displacement of the AFM piezo minus the deformations of both the bubble and cantilever. The detailed conversion principle is available in the literature [15, 20, 21] . Each force experiment was repeated at least five times, and the general trend force curve is shown in the following section.
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Results and Discussion
Bubble-Particle Interaction Force in the Absence of DTAB and SDS
A colloidal probe with 40 μm diameter was prepared and placed on the top of a bubble, as shown in Figure 3 . The interaction force between the hydrophilic glass microsphere and the bubble, for different collision velocities, is shown in Figure 4 . The forces were always repulsive for all the approach velocities. There was no successful attachment between the hydrophilic glass and the bubble. This repulsive force increased with the approach velocity due to the appearance of a hydrodynamic force. When the approach velocity was lower than 1 μm/s, the hydrodynamic force could be neglected, and only the surface force dominated. According to the DLVO theory, the stability of a colloid system is controlled by two additive components, i.e., the van der Waals force and electrostatic double-layer force. In the bubble-glass system, both the van der Waals and double-layer forces are repulsive, and do not provide any driving force for film thinning and rupture. This is consistent with the AFM force curves. Colloidal probes with 70° and 100° contact angles were prepared by OTS silanisation. In order to estimate the contact angle, a glass slide was hydrophobised simultaneously, with the same procedure as that for the glass microsphere, according to the literature [14] . The Washburn method was not applied to measure the particle contact-angle in this study because the amount of glass microspheres in our lab was not sufficient for packing the column and conducting repeated tests. The effect of the contact angle on the interaction force between the glass microsphere and the bubble, with a 1 μm/s approach velocity, is shown in Figure 5 . A significant jump-into contact was Colloidal probes with 70 • and 100 • contact angles were prepared by OTS silanisation. In order to estimate the contact angle, a glass slide was hydrophobised simultaneously, with the same procedure as that for the glass microsphere, according to the literature [14] . The Washburn method was not applied to measure the particle contact-angle in this study because the amount of glass microspheres in our lab was not sufficient for packing the column and conducting repeated tests. The effect of the contact angle on the interaction force between the glass microsphere and the bubble, with a 1 µm/s approach velocity, is shown in Figure 5 . A significant jump-into contact was observed for the hydrophobic particle due to some kind of attractive force. The thin water-film between the hydrophobic particle and the bubble was unstable. The jump-into distance increased with the contact angle. The magnitude of the attractive force was proportional to the water contact-angle. Both the van der Waals and electrical double-layer forces should not be changed after OTS silanisation. Consequently, the hydrophobic force was responsible for the bubble-particle attachment [1, 2] . observed for the hydrophobic particle due to some kind of attractive force. The thin water-film between the hydrophobic particle and the bubble was unstable. The jump-into distance increased with the contact angle. The magnitude of the attractive force was proportional to the water contact-angle. Both the van der Waals and electrical double-layer forces should not be changed after OTS silanisation. Consequently, the hydrophobic force was responsible for the bubble-particle attachment [1, 2] . 
Bubble-Particle Interaction Force in the Presence of DTAB and SDS
The effect of DTAB and SDS on the interaction force between the hydrophilic glass microsphere and a bubble is shown in Figure 6 . The approach velocity was fixed at 1 μm/s. When 1 mM of DTAB was added, a significant jump-into contact was observed in the AFM force curve, which indicated that a hydrophobic force was induced and overcame the repulsive DLVO force. When the DTAB concentration was 8 mM, the jump-into contact disappeared, and the repulsive force redominated the bubble-particle interaction. For SDS, there was no jump-into contact in the entire experimental concentration range. The repulsive force increased with the SDS concentration. The particle could not attach onto the bubble surface in the presence of SDS. The adsorption conformations of DTAB and SDS on the glass surface are shown in Figure 7 . At low DTAB concentration, the cationic head group of DTAB adsorbed onto the negatively charged glass surface as a monolayer, and the hydrophobic group was oriented towards the water phase, making the glass surface hydrophobic. Therefore, an attractive hydrophobic force was induced, triggering film rupture. When the DTAB concentration was further increased, the DTAB molecules began to adsorb as a bilayer, reverting to observed for the hydrophobic particle due to some kind of attractive force. The thin water-film between the hydrophobic particle and the bubble was unstable. The jump-into distance increased with the contact angle. The magnitude of the attractive force was proportional to the water contact-angle. Both the van der Waals and electrical double-layer forces should not be changed after OTS silanisation. Consequently, the hydrophobic force was responsible for the bubble-particle attachment [1, 2] . 
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The effect of DTAB and SDS on the interaction force between the hydrophobic glass microsphere (100° contact angle) and a bubble is shown in Figure 8 . The approach velocity was fixed at 1 μm/s. With increasing DTAB concentration, the jump-into distance decreased. At 8 mM DTAB, the attractive hydrophobic force disappeared, and the repulsive force dominated the interaction. On one hand, the hydrophobicity of the hydrocarbon chain in DTAB was weaker than that in OTS. Therefore, the adsorption of DTAB reduced the water contact-angle of the hydrophobic glass microsphere. On the other hand, the decrease in surface tension contributed to the decrease in hydrophobicity. As a result, the hydrophobic force decreased on adding DTAB. At high DTAB concentration, the formation of the bilayer rendered the particle hydrophilic. In the case of SDS, only 1 mM SDS was sufficient to screen the hydrophobic force. It should be noted that the increase in the repulsive double-layer force may also have led to the disappearance of the jump-into contact in the force curves. a hydrophilic surface [16] . Meanwhile, the hydrophobicity of the air-water interface also decreased due to DTAB adsorption. The hydrophobic force disappeared and the water film between the bubble and particle was stabilised under the repulsive double-layer force between the head groups of DTAB. For the anionic SDS, the SDS molecules could not adsorb onto the negatively charged glass surface due to the repulsive double-layer force. However, the surface potentials of both the glass and air bubble decreased, resulting in an increase in the total repulsive force.
The effect of DTAB and SDS on the interaction force between the hydrophobic glass microsphere (100° contact angle) and a bubble is shown in Figure 8 . The approach velocity was fixed at 1 μm/s. With increasing DTAB concentration, the jump-into distance decreased. At 8 mM DTAB, the attractive hydrophobic force disappeared, and the repulsive force dominated the interaction. On one hand, the hydrophobicity of the hydrocarbon chain in DTAB was weaker than that in OTS. Therefore, the adsorption of DTAB reduced the water contact-angle of the hydrophobic glass microsphere. On the other hand, the decrease in surface tension contributed to the decrease in hydrophobicity. As a result, the hydrophobic force decreased on adding DTAB. At high DTAB concentration, the formation of the bilayer rendered the particle hydrophilic. In the case of SDS, only 1 mM SDS was sufficient to screen the hydrophobic force. It should be noted that the increase in the repulsive double-layer force may also have led to the disappearance of the jump-into contact in the force curves. The effect of DTAB and SDS on the interaction force between the hydrophobic glass microsphere (100 • contact angle) and a bubble is shown in Figure 8 . The approach velocity was fixed at 1 µm/s. With increasing DTAB concentration, the jump-into distance decreased. At 8 mM DTAB, the attractive hydrophobic force disappeared, and the repulsive force dominated the interaction. On one hand, the hydrophobicity of the hydrocarbon chain in DTAB was weaker than that in OTS. Therefore, the adsorption of DTAB reduced the water contact-angle of the hydrophobic glass microsphere. On the other hand, the decrease in surface tension contributed to the decrease in hydrophobicity. As a result, the hydrophobic force decreased on adding DTAB. At high DTAB concentration, the formation of the bilayer rendered the particle hydrophilic. In the case of SDS, only 1 mM SDS was sufficient to screen the hydrophobic force. It should be noted that the increase in the repulsive double-layer force may also have led to the disappearance of the jump-into contact in the force curves. 
Effect of DTAB and SDS on the Attachment Behaviour and Contact Angle
The effect of DTAB and SDS on the attachment behaviour between the hydrophilic/hydrophobic glass and bubbles are shown in Figures 9 and 10 . For hydrophilic glass, in the presence of 0, 8, and 16 mM DTAB, when the contact time was set as 16 s, no attachment was observed. In the presence of 1 and 2 mM DTAB, the minimum contact time for successful bubble-particle attachment to be observed in our experimental system was 0.01 s. This was consistent with the AFM results. The fast attachment at low DTAB concentrations was attributed to the induction of the hydrophobic force. In contrast, the bubble could not attach onto the glass surface with 16 s contact time at all the SDS concentrations. For hydrophobic glass, in the presence of 0, 1, and 2 mM DTAB, the minimum contact time for successful bubble-particle attachment to be observed was 0.01 s. However, the length of the three-phase contact line decreased as DTAB concentration increased. This indicated that the attachment strength decreased. When the DTAB concentration was above 8 mM, there was no attachment even with 16 s contact time. In contrast, no attachment was observed at all the SDS concentrations. All the above findings were consistent with the AFM results. The effect of DTAB and SDS on the water contact-angle on the hydrophilic/hydrophobic glass surface is shown in Figure 11 . For hydrophilic glass, with the increase in DTAB concentration, the water contact-angle initially increased and then decreased. The observed decrease in the contact angle was mainly due to the occurrence of double-layer adsorption. This variation trend in the contact angle was similar to that of the AFM results; however, some lag existed. For example, the maximum contact angle was observed at 8 mM DTAB, while the hydrophobic force disappeared at this concentration. This is probably because DTAB also decreased the hydrophobicity of the air 
The effect of DTAB and SDS on the attachment behaviour between the hydrophilic/hydrophobic glass and bubbles are shown in Figures 9 and 10 . For hydrophilic glass, in the presence of 0, 8, and 16 mM DTAB, when the contact time was set as 16 s, no attachment was observed. In the presence of 1 and 2 mM DTAB, the minimum contact time for successful bubble-particle attachment to be observed in our experimental system was 0.01 s. This was consistent with the AFM results. The fast attachment at low DTAB concentrations was attributed to the induction of the hydrophobic force. In contrast, the bubble could not attach onto the glass surface with 16 s contact time at all the SDS concentrations. For hydrophobic glass, in the presence of 0, 1, and 2 mM DTAB, the minimum contact time for successful bubble-particle attachment to be observed was 0.01 s. However, the length of the three-phase contact line decreased as DTAB concentration increased. This indicated that the attachment strength decreased. When the DTAB concentration was above 8 mM, there was no attachment even with 16 s contact time. In contrast, no attachment was observed at all the SDS concentrations. All the above findings were consistent with the AFM results. 
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Conclusions
AFM and contact angle measurements were used to study the role of DTAB and SDS in bubble-particle attachment. The following conclusions were obtained:
(1) The forces between the bubble and hydrophilic glass particle were always repulsive in the absence of DTAB and SDS. An attractive hydrophobic force was induced when the particle became hydrophobic, and the force was proportional to the water contact-angle.
(2) In the presence of DTAB and SDS, an attractive hydrophobic force could be induced between the hydrophilic particle and the bubble, triggering film rupture. However, at high DTAB concentration, the hydrophobic force disappeared, and the water film between the bubble and bubble. The hydrophobic force was the result of the combined interaction between the bubble and particle. In contrast, the water contact-angle decreased with the SDS concentration due to the decrease in surface tension, according to the Young's equation. For hydrophobic glass, the contact angle decreased with increasing DTAB/SDS concentration. The weaker hydrophobicity of the hydrocarbon chain in DTAB compared with that in OTS, and the decrease in surface tension, were the reasons for the decrease in the contact angle. In contrast, the decrease in the water contact-angle for SDS was due to the decrease in surface tension alone. It is notable that at low SDS concentrations (1 and 2 mM), the contact angle was still above 90°. It was speculated that the disappearance of the jump-into contact in the AFM force curves at low SDS concentrations was due to the increase in the negative surface potential and repulsive electrical double-layer force. 
(2) In the presence of DTAB and SDS, an attractive hydrophobic force could be induced between the hydrophilic particle and the bubble, triggering film rupture. However, at high DTAB concentration, the hydrophobic force disappeared, and the water film between the bubble and 
(2) In the presence of DTAB and SDS, an attractive hydrophobic force could be induced between the hydrophilic particle and the bubble, triggering film rupture. However, at high DTAB concentration, the hydrophobic force disappeared, and the water film between the bubble and particle was stabilised under the repulsive double-layer force. The anionic SDS molecules could not adsorb onto the hydrophilic glass surface. The repulsive force always dominated the bubble-particle interaction.
(3) For hydrophobic glass, the hydrophobic force decreased, and even disappeared, with the addition of DTAB and SDS. All the findings from the AFM force curves were consistent with the attachment behaviour and contact angle results. 
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